Bronchoscopy during mechanical ventilation of patients' lungs significantly affects ventilation because of partial obstruction of the tracheal tube, and may thus be omitted in the most severely ill patients. It has not previously been possible to reduce the external diameter of the bronchoscope without reducing the diameter of the suction channel, thus reducing the suctioning capacity of the device. We believed that a better-designed bronchoscope could improve the safety of bronchoscopy in patients whose lungs were ventilated. We designed a flexible bronchoscope prototype with a drumstick-shaped head consisting of a long, thin proximal portion; a short and large distal portion for camera docking; and a large suction channel throughout the length of the device. The aims of our study were to test the impact of our prototype on mechanical ventilation when inserted into the tracheal tube, and to assess suctioning capacity. We first tested the efficiency of the suction channel, and demonstrated that the suction flow of the prototype was similar to that of conventional adult bronchoscopes. We next evaluated the consequences of bronchoscopy when using the prototype on minute ventilation and intrathoracic pressures during mechanical ventilation: firstly, in vitro using a breathing simulator; and secondly, in vivo using a porcine model of pulmonary ventilation. The insertion of adult bronchoscopes into the tracheal tube immediately impaired the protective ventilation strategy employed, whereas the prototype preserved it. For the first time, we have developed an innovative flexible bronchoscope designed for bronchoscopy during invasive mechanical ventilation, that both preserved the protective ventilation strategy, and enabled efficient suction flow.
Summary
Bronchoscopy during mechanical ventilation of patients' lungs significantly affects ventilation because of partial obstruction of the tracheal tube, and may thus be omitted in the most severely ill patients. It has not previously been possible to reduce the external diameter of the bronchoscope without reducing the diameter of the suction channel, thus reducing the suctioning capacity of the device. We believed that a better-designed bronchoscope could improve the safety of bronchoscopy in patients whose lungs were ventilated. We designed a flexible bronchoscope prototype with a drumstick-shaped head consisting of a long, thin proximal portion; a short and large distal portion for camera docking; and a large suction channel throughout the length of the device. The aims of our study were to test the impact of our prototype on mechanical ventilation when inserted into the tracheal tube, and to assess suctioning capacity. We first tested the efficiency of the suction channel, and demonstrated that the suction flow of the prototype was similar to that of conventional adult bronchoscopes. We next evaluated the consequences of bronchoscopy when using the prototype on minute ventilation and intrathoracic pressures during mechanical ventilation: firstly, in vitro using a breathing simulator; and secondly, in vivo using a porcine model of pulmonary ventilation. The insertion of adult bronchoscopes into the tracheal tube immediately impaired the protective ventilation strategy employed, whereas the prototype preserved it. For the first time, we have developed an innovative flexible bronchoscope designed for bronchoscopy during invasive mechanical ventilation, that both preserved the protective ventilation strategy, and enabled efficient suction flow.
Introduction
Flexible bronchoscopes are essential tools in intensive care units (ICUs). They are used for both diagnostic and therapeutic procedures, and are necessary for the optimal management of patients whose lungs are mechanically ventilated. Bronchoscopy was first used in the late 1800s, and has been attributed to Gustav Killian [1] . The bronchoscopes were rigid, and were mostly used to remove aspirated foreign bodies. Rigid bronchoscopes became an indispensable tool for otolaryngologists, and remained the only medical instrument for airway access until 1966, when the first flexible fibreoptic bronchoscope was described [2] . This innovative procedure permitted a new glimpse into human anatomy, and was an invaluable tool in accelerating the growth of pulmonary medicine. It quickly gained worldwide acceptance as the diagnostic instrument of choice for pulmonary disease. This emerging technology spread secondarily in ICUs, and become indispensable for several procedures. This brief historical overview highlights the fact that bronchoscopes were mainly developed by pulmonologists to explore pulmonary disease, before being adopted for use in ICU, without modification. Indeed, the constraints are far different when the procedure is performed in patients who are awake and spontaneously breathing, compared with those whose lungs are mechanically ventilated for acute respiratory failure. As far as we know, there is no flexible bronchoscope specifically designed for use during invasive mechanical ventilation in the ICU.
Traditional adult bronchoscopes significantly affect ventilation because they cause partial obstruction of the tracheal tube. Such obstruction increases resistance, limiting gas flow in the tube, and ultimately increases inspiratory and expiratory pressure. If the peak inspiratory pressure is higher than the high-pressure limit set on the ventilator, the tidal volume is not fully delivered, substantially reducing minute ventilation, as previously described [3, 4] . If the high-pressure limit is increased to the maximal value to maintain ventilation, the tidal volume is fully delivered, but expiratory pressure increases, resulting in dynamic inflation because of incomplete emptying of the lungs at the end of expiration. Hyperinflation increases the alveolar pressure, resulting in high total positive end-expiratory pressure (PEEP) and high plateau pressure, which may lead to pneumothorax [5] . Bronchoscopy during mechanical ventilation of the lungs is generally safe [6] [7] [8] , but is clearly not suitable for patients with acute respiratory distress syndrome (ARDS), who require lung-protective ventilation strategies. Severe hypoxaemia (PaO 2 /F I O 2 < 100) is a contra-indication to bronchoalveolar lavage of the lungs in ARDS patients, due to the balance between risk and safety [9] . We have previously shown that a bronchoscope with an external diameter of 4 mm (or less) allowed safer bronchoscopic interventions in patients with ARDS [10] . Flexible bronchoscopes with a reduced diameter have been developed [11] ; however, it has not previously been possible to reduce the external diameter of the bronchoscope without reducing the diameter of the suction channel, due to the optical fibres necessary for light transmission that fill the inner part of the bronchoscope. This solution is clearly inadequate, as the presence of purulent tracheal secretions is a common feature of ARDS patients, and these thick secretions have to be regularly suctioned during bronchoscopy. Furthermore, a wide suction channel is required to perform bronchoalveolar lavage. Intensivists are thus forced to choose between two negative options when performing bronchoscopy in ARDS patients: either altering mechanical ventilation of the lungs by using a regular flexible bronchoscope; or performing bronchoscopy with an inadequate suction channel. To solve this problem, a flexible bronchoscope with a reduced external diameter, which retains a large suction channel, is needed.
The development of a new generation of flexible bronchoscopes is encouraging [12, 13] . Recent technological advances have allowed the miniaturisation of a camera placed at the distal extremity of the bronchoscope, leading to the development of single-use bronchoscopes. Indeed, the inner parts of bronchoscopes no longer contain optical fibres, but only thin wires. It is now possible to reduce the diameter of the bronchoscope without affecting the calibre of the suction channel, except for the distal end containing the miniaturised camera. We have developed an innovative flexible bronchoscope, based on single-use bronchoscope technology, specifically for bronchoscopy in ARDS patients whose lungs are mechanically ventilated. We designed a flexible bronchoscope with a reduced outer diameter (3.6 mm) for the entire body of the device, together with a large suction channel and a larger head (containing the camera) (Fig. 1) . The aims of our proof-of-concept study were to demonstrate that our flexible bronchoscope prototype did not disrupt the lung-protective ventilatory strategy in patients with ARDS, while retaining sufficient suctioning capacity.
Methods
We tested four models of bronchoscopes ( Fig. 1 with a proximal insertion tube, with an external diameter of 3.6 mm diameter (the first 58 cm of the device), and a larger distal portion with the camera docking terminal (with a diameter of 5.3 mm for the last 2 cm of the device); the prototype had an internal diameter of 2.1 mm for the suction channel.
We compared the characteristics of the prototype with the other bronchoscopes (adult and paediatric); in particular, the efficacy of the suction channel, and the effect of bronchoscopy on lung-protective ventilation.
We tested the capacity of the suction channel of each flexible bronchoscope, by measuring suction flow at two vacuum levels; À20 kPa and À40 kPa (Lagoon 600, Air Liquid Medical System, Puteaux, France) [14, 15] . We measured suction flow by measuring the time required to aspirate 100 ml of sterile water (Versylene Fresenius, Louviers, France), or 100 ml of viscous water to simulate thick secretions. Viscous water was made by diluting ultrasound gel (Uni'gel, AseptIn Med, Quint Fonsegrives, France) in water, to a final concentration of 3%. Higher concentrations of ultrasound gel could not be aspirated using the conventional adult bronchoscope with the larger suction channel.
Next, we tested the effects of various bronchoscope/tracheal tube combinations on minute ventilation and PEEP. To do this, we used a controlled, high fidelity breathing simulator (Model 5600i, Dual Adult Pneuview System, Michigan Instruments, Grand Rapids, USA) to simulate the respiratory mechanics of adults with pathological lung function corresponding to severe ARDS [10, 16] . Parameters for the ARDS lung were based on the PROSEVA study [17] , and corresponded to severe ARDS according to the Berlin definition criteria [16] . An EVITA XL ventilator (Dr€ ager Medical GmBH, L€ ubeck, Germany) was used for mechanical ventilation, and was connected to the tracheal tube and lung model using standard ventilator tubing. We used the volume-control ventilation mode with a tidal volume of 380 ml, respiratory rate of 27 breaths.min À1 , PEEP of 10 cmH 2 O, inspiratory flow of 60 l.min À1 and an inspiratory/expiratory ratio of 0.5, in accordance with the guidelines for the management of severe ARDS ventilator settings [9] . The compliance of the artificial lungs was 35 ml.cmH 2 O
À1
. In clinical practice, the highpressure limit is often increased up to the maximal value to maintain ventilation when a bronchoscope is in place in a patient whose lungs are ventilated. First, we thus arbitrarily set the inspiratory pressure limit to 60 cmH 2 O, and observed the efficiency of ventilation. The inspiratory pressure limit was then increased up to the maximal value authorised by the ventilator (100 cmH 2 O).
We evaluated the four bronchoscopes by using them in tracheal tubes with internal diameters of 6.5, 7.0, 7.5 and 8.0 mm (Mallinckrodt, Covidien, Tullamore, Ireland), for a total of 16 bronchoscope/tracheal tube combinations. We measured minute ventilation (MV), tidal volume (Vt) and peak inspiratory pressure (PIP). The lung model provided readings for alveolar pressures, which we used to determine plateau pressure (Pplat) and total positive end-expiratory pressure (total-PEEP). Measurements were taken both with and without the bronchoscopes in place, and repeated three times for each combination.
We performed animal experiments in two healthy piglets (large, white female, 2-3 months of age) according to the guidelines of Council Directive no. 86/609 of the European Economic Community of November 24, 1986 and in accordance with the guidelines of the Institutional Animal Care and Use Committee at INRA (French National Institute for Agricultural Research). The protocol was approved by the 'Comit e d'Ethique en Experimentation Animale Val de Loire', and followed the ARRIVE standards. Animals were sedated using intramuscular xylazine (2 mg.kg
) and ketamine (20 mg.kg À1 ), and we then induced anaesthesia using inhaled isoflurane. After tracheal intubation with a 7.0 mm tracheal tube, we ventilated the lungs of the animals while in a prone position with a Fabius Tiro Ventilator (Dr€ ager, Telford, PA, USA), using volume-controlled ventilation. Piglets of this age have a low pulmonary compliance relative to humans (< 40 cmH 2 O.ml À1 ) [18, 19] . Ventilator settings were as follows: a tidal volume of 6 ml.kg À1 in the volume-control mode; respiratory rate of 27 per minute; PEEP of 10 cmH 2 O; inspiratory flow of 60 l.min À1 and an inspiratory time of 0.74 s. The high-limit pressure was set to 60 cmH 2 O before bronchoscopy. We collected data on respiratory parameters before and after inserting the adult single-use bronchoscope or the prototype bronchoscope. Minute ventilation, Vt and PIP were recorded as measured by the ventilator. In the absence of inspiratory flow (respiratory hold manoeuvre), it was assumed that the airway pressure measured by the ventilator reflected the alveolar pressure, but this has not been verified when the tracheal tube is obstructed by a bronchoscope. We therefore measured downstream airway pressures during respiratory manoeuvres, using a manometer placed in the suction channel of the bronchoscope (Rush endotest cuff pressure manometer, Teleflex, Athlone, Ireland). Pplat and total-PEEP were thus measured in the airway distally to the bronchoscope. Using the breathing simulator, we had previously confirmed that the airway pressures measured using this approach were consistent with those directly measured by the pressure manometer within the test lung (data not shown). In the control arm (without the bronchoscope), a thin catheter (same length as the bronchoscope, 1 mm diameter) was inserted into the tracheal tube to measure the pressure at the same location as that measured using the bronchoscope (no obstruction nor leak was generated using this catheter).
Bench studies were performed in triplicate, and we have reported the average values following a 1-minute run. Descriptive statistics were used to express changes in values for the primary outcome measures: suction flows; MV; Vt; PIP; Pplat and total-PEEP. The animal experiment served as a proof-of-concept study, and for this reason the number of observations were relatively small, and without a power calculation. We used GraphPad Prism 5 (La Jolla, CA, USA) to generate the figures.
Results
The adult bronchoscopes efficiently aspirated water or viscous fluids at a vacuum level of À20 kPa (Fig. 2) . In contrast, the suction flow provided by the paediatric bronchoscope was almost two-fold less than that of the adult bronchoscopes. The mean (SD) suction flow obtained using the prototype bronchoscope was 247 (5) ml.min À1 for water, and 176 (8) Figure 2 Bronchoscope suction flow. The suction flow was measured for the various flexible bronchoscopes (FBs) at vacuum levels of À20 kPa and À40 kPa for both water and viscous fluid. Values are mean (SD) following three 1-minute runs.
suction flow of the paediatric bronchoscope at À40 kPa was still less than that of the adult bronchoscopes at À20 kPa. When the inspiratory pressure limit was set to 60 cmH 2 O, ventilation was only possible with the 8.0-mm tracheal tube when using an adult bronchoscope (conventional or single-use bronchoscopes). The use of tracheal tubes of 7.5 mm in diameter or less resulted in lower delivered ventilation, with a maximum administration of 56% of the baseline MV (Fig. 3) . In contrast, the paediatric bronchoscope did not affect mechanical ventilation. Results obtained using the prototype bronchoscope were comparable with those of the paediatric bronchoscope for all bronchoscope/tracheal tube combinations; the peak inspiratory pressure never reached the high-pressure limit (60 cmH 2 O) and, as a consequence, the MV was not affected by insertion of the prototype bronchoscope into the tracheal tubes. Increasing the inspiratory high-pressure limit to 100 cmH 2 O resulted in efficient ventilation with adult bronchoscopes, but the total-PEEP increased proportionally (Fig. 4) . More precisely, the delivery volume did not change from baseline after insertion of the bronchoscopes (except for the 6.5-mm tracheal tube), but the total-PEEP increased immediately following insertion of the adult bronchoscopes under all conditions. For example, we observed an increase of 10 cmH 2 O in total-PEEP and Pplat directly after insertion of the adult bronchoscopes into the 7.0-mm tracheal tube. The increase in Pplat was almost identical to that of the PEEP under these conditions, as previously demonstrated [10] . In contrast, the paediatric and prototype bronchoscopes did not disrupt lung-protective ventilation; there was no clinically significant modification of pulmonary pressures.
Two healthy pigs had their lungs ventilated through a 7.0-mm tracheal tube, with ventilator settings recommended for the management of severe ARDS. The compliance of pig A and pig B were 37 and 27 ml.cmH 2 O À1 , respectively. It was not possible to ventilate the lungs when the adult bronchoscope was inserted in the 7.0-mm tracheal tube. Thus, the high-pressure limit was set to the maximal value, and the lungs were efficiently ventilated. As a result, total-PEEP and Pplat increased by approximately 5-10 cmH 2 O, respectively (Fig. 5) . In contrast, we observed no significant difficulties with the prototype bronchoscope (Fig. 5) . It was possible to ventilate the lungs using the initial settings while inserting the bronchoscope prototype. It was not necessary to modify the high-pressure limit. The total-PEEP and Pplat were unchanged during the bronchoscopy procedure performed using the bronchoscope prototype (Fig. 5) .
Discussion
Medical devices must provide the correct balance between efficacy and safety. Bronchoscopes are essential for the optimal management of patients whose lungs are ventilated in the ICU; they are easy to use, and provide high-quality imaging. However, they cannot be used in the most hypoxic patients, due to safety concerns. The first step towards finding a solution for this issue was to identify the problem. We have previously shown that a bronchoscope with an external diameter ≤ 4 mm has no effect on the ventilator settings required for lung-protective ventilation in ARDS, and that a 2-mm diameter suction channel is required. We took into consideration these constraints when developing a solution that may safely allow the use of bronchoscopy in patients with ARDS. We tested a flexible bronchoscope prototype with a drumstickshaped head, a long and thin proximal portion, and a short and larger distal portion for docking the camera (with a large suction channel throughout the length of the device). For the first time, we have developed an innovative flexible bronchoscope designed for bronchoscopy during invasive mechanical ventilation with two significant advantages: preserving the lung-protective ventilation strategy; and enabling efficient suction flow.
We first assessed the suction flow of the prototype bronchoscope and compared it with that of adult and paediatric bronchoscopes. The prototype bronchoscope aspirated fluids with the same efficiency as the conventional adult bronchoscope and, as expected, better than the paediatric one, regardless of the viscosity of the liquid. These results are easily explained by the HagenPoiseuille law. It states that flow is proportional to the fourth power of the radius, meaning that a small decrease in the radius of the suction channel leads to a substantial decrease in flow through the pipe Q = (DPpr 4 ) 9 (8gl)
À1
, where DP is the pressure loss; p is the mathematical constant Pi; r is the radius; g is the dynamic viscosity, and l is the length of tube. The radius of the suction channel in our prototype was comparable to that of adult bronchoscopes, and 160% greater than that of the paediatric device tested. We tested the suctioning properties of the bronchoscope at the recommended vacuum level (À20 kPa), according to international guidelines [14] . Increasing the vacuum strength from À20 to À40 kPa when using the paediatric bronchoscope (even if not recommended), did not result in a suction flow similar to that of the adult bronchoscopes using the recommended vacuum level, and is not an alternative solution. The total instilled fluid volume for bronchoalveolar lavage should be no < 100 ml and no more than 300 ml; sequentially instilled aliquots of 50 ml are generally withdrawn after each aliquot instillation [20] , and negative pressure should be applied for < 15 s [14, 20] . The suction flows obtained with the paediatric bronchoscope (100-150 ml.min
, corresponding to 1.7À2.5 ml.s À1 ) were not compatible with the adult bronchoalveolar lavage collection procedure (20-30 s would be required for each aliquot collection). We next evaluated the changes in ventilatory parameters following the insertion of the adult, paediatric or prototype bronchoscopes in a bench study that modelled patients with severe ARDS. The insertion of adult flexible bronchoscopes through tracheal tubes with internal diameters ≤ 7.5 mm immediately impaired the protective ventilation strategy; only 50% of the minute ventilation was efficiently delivered, and the total-PEEP increased from 4 to 13 cmH 2 O when the high-pressure limit was increased up to the maximal value to maintain ventilation. These abrupt changes in respiratory parameters are unacceptable in the most severely hypoxic patients with ARDS; the overall balance of benefit and harm for performing bronchoscopy is thus unfavourable for these patients, and the procedure is usually avoided. These results were confirmed in the pig model, where we observed an immediate increase in the Pplat of 10 cmH 2 O from the baseline value. In contrast, the paediatric and prototype bronchoscopes did not alter protective ventilation. Theoretically, the drumstick-shaped head of the bronchoscope prototype could have interfered with ventilation when the head of the bronchoscope briefly passed throughout tracheal tube. However, insertion was rapid, and did not affect ventilation, as observed both in our bench study and the porcine model; the prototype bronchoscope had no effect on the ventilatory parameters while retaining high suction capacity. The 'drumstick head' shape of the prototype bronchoscope, with a wide suction channel throughout the length of the device, could improve the safety of bronchoscopy in patients whose lungs are ventilated, and extend the use of bronchoscopy to those with severe ARDS.
Our study has limitations. Artificial lungs cannot accurately replicate the complex physiopathology of an ARDS lung, as previously described and debated [21, 22] , and these results should be interpreted with caution. Thus, it was important to confirm our experimental results using an animal model. We obtained similar results regardless of the model used; a substantial rise in total-PEEP with an adult bronchoscope, and no effect of bronchoscopy on the ventilatory Single-use prototype of FB Figure 5 Consequences of bronchoscopy performed in piglets on minute ventilation and positive endexpiratory pressure. The lungs of two healthy pigs were ventilated in volume-controlled ventilation mode through a 7.0-mm diameter tracheal tube. They were ventilated with a tidal volume of 6 ml.kg
, respiratory rate of 27 per minute, and PEEP of 10 cmH 2 O. The graphs represent the evolution of plateau pressure ( Pplat); total PEEP ( total-PEEP) and minute ventilation ( MV) for each animal after insertion of a single-use adult flexible bronchoscope (FB) or the single-use prototype of FB (the high-pressure limit was set to the maximal value to maintain ventilation).
parameters when using the prototype bronchoscope. We observed a slight difference between the PEEP increases in artificial and animal lungs. According to the bench study with the 7.0-mm tracheal tube, we would have expected to observe a 10 cmH 2 O increase in the total-PEEP during the bronchoscopy procedure in vivo using a conventional bronchoscope, but the increase was only 5 to 6 cmH 2 O. The rate of passive lung deflation is a determinant of total-PEEP, and depends on the elastic recoil pressure stored during the preceding inflation, and on the opposing flow resistance of the respiratory system (including external expiratory apparatus) [23] . The artificial lung modelled a single compartment that emptied passively at a changing rate proportional to the volume. The volume of this compartment during passive exhalation approximates an exponential function of time, for which the rate and decay can be characterized by a time constant: s = resistance 9 compliance [24] . The animal's lung is far more complex, involving multiple compartments, and with different compliance when the animal is sedated and lying on an experimental table. An artificial lung model with multiple compartments with different time constants would have been required to perfectly mimic passive exhalation. There is a second important limitation. We designed a proof-of-concept study, and explored the potential benefit of a prototype flexible bronchoscope with an innovative shape. The purpose of the study was to verify the feasibility of this new concept, but the study was not intended to test a final version of the device. Several characteristics of the prototype probably need to be improved and tested; manoeuvrability, optics, robustness, etc.
The ICU is a technology-rich environment, and important advances in this specialty have been made following technological innovation. We believe that breakthrough technology leading to the development of single-use flexible bronchoscopes will probably accelerate the delivery of innovative products for use in the ICU. For example, it will soon be possible to create single-use flexible bronchoscopes dedicated to a specific aim. Here, we investigated a device to perform bronchoscopy in patients with severe ARDS. We believe that other specific single-use bronchoscopes will be developed, to better meet the needs of patients whose lungs are ventilated under different clinical situations: these could include difficulty with tracheal intubation; bronchoalveolar lavage; bronchoscopeguided percutaneous tracheotomy; etc. In the past, clinicians invested in a single, re-usable flexible bronchoscope for use in all ICU situations. In the future, we will probably buy a portable screen, and a product line of several related, single-use bronchoscopes defined by their functions. ICUs are already currently equipped with an ultrasound machine, and a broad range of transducers appropriate for different clinical applications, in a similar way.
In conclusion, we have modified the shape of a single-use flexible bronchoscope, and designed an innovative prototype device devoted to bronchoscopy during invasive mechanical ventilation that combines two advantages; preserving respiratory parameters and enabling efficient suction flow.
